Summary: Focal cerebral ischemia was produced by oc clusion of the middle cerebral artery in rats, Cerebral blood flow measured with [14C]iodoantipyrine was se verely reduced in the lateral portion of neostriatum. This area of dense ischemia was sharply demarcated against the surroundings. The adjacent cortex was perfused at one-third of normal, whereas blood flow in the medial neostriatum was only slightly reduced. This pattern of perfusion was independent of the plasma glucose concen tration of the animal. In contrast, the glucose utilization calculated from the 2-pH]deoxyglucose accumulation de pended on the plasma glucose concentration. Enhanced glucose utilization was evident in the border areas sur rounding the ischemic focus in normoglycemic animals. Neither acutely nor chronically diabetic animals had such an increase of metabolism in the borderzone. Moderately hyperglycemic rats had a narrow rim of enhanced glucose Occlusion of the middle cerebral artery (MCA) causes nearly complete ischemia in the center of the vascular territory. The ischemic area is sur rounded by tissue with reduced flow and a pe riphery with almost normal perfusion. In rats, the cerebral blood flow is severely reduced in the lat eral part of the striate body, whereas the adjacent cortex reveals flow values about one-third of normal (Nedergaard et aI., 1986). Earlier, we have
/00 utilization immediately surrounding the ischemic core, whereas animals with plasma glucose values above 22 mmoilL had no such rim. In mild hypoglycemia (2-4 mmoIlL), the glucose utilization was slightly enhanced in the border areas, but during severe hypoglycemia «2.5 mmoIlL), the glucose utilization declined gradually to ward the ischemic core. Glucose content, and thereby the lumped constant (measured by 3-0-[l4C]methylglucose) showed little regional variation, except in the ischemic core. These findings indicate that blood flow alterations after occlusion of the middle cerebral artery in rats are not influenced by the plasma glucose utilizations. In con trast, glucose utilization depends on a combination of plasma glucose concentration and blood flow instead of blood flow per se. Key Words: Autoradiography-Cere bral blood flow-Cerebral glucose utilization-Hyper glycemia-MCA occlusion.
found increased glucose utilization in this cortical low-perfusion zone and have correlated the in creased glucose utilization with transient increases of extracellular potassium (Nedergaard and Astrup, 1986) . Thus, the increased glucose utilization of the border areas most likely reflects an increased load on the membrane-bound N a + /K + adenosine tri phosphatase (ATPase). The number of potassium transients is reduced in hyperglycemia (Nedergaard and Astrup, 1986) . Therefore, we predict that the enhancement of glucose utilization in the cortical low-perfusion zone is absent in hyperglycemia.
We tested the prediction by quantitating local ce rebral glucose utilization and blood flow simulta neously in normoglycemic and hyperglycemic MCA occluded animals. The study was extended to include chronic hyperglycemia (4 months diabetes), hypoglycemia, as well as postocclusion hypergly cemia.
MATERIALS AND METHODS

Experimental procedure
The experiments were performed on 55 male Wi star S.P.F. strain rats weighing 330-360 g. The animals were randomly allocated to the groups shown in Ta ble 1. The hypoglycemic and normoglycemic groups were starved the night before the operation. Hypoglycemic animals re ceived intraperitoneally 2 IE/kg crystalline porcine in s .u lin (Leo) per kil ? gram body weight 2 h before opera tIOn. HyperglycemIa was achieved by a single intraperi toneal injection � f streptozotocin (60 mg/kg body weight), 2 days (acute dIabetes) or 4 months (chronic diabetes) before MCA occlusion. The chronically diabetic animals were therefore 16 weeks older than the rest of the an imals. In the hyperglycemic postischemia group, I ml 50% glucose (i.v.) was given 5 min after MCA occlusion to animals starved overnight. The right middle cerebral artery was occluded as described by Ta mura et al. (1981) .
Most procedures were described in . The tracer experiment proceeded as follows. An esthesia was initiated by 3% fluothane. After tracheos tomy and endotracheal intubation, animals were venti lated by a rodent respirator with a mixture of 33% 02, 66% N20, and 0.75% fluothane. Catheters were inserted into the femoral arteries and one femoral vein, and muscles were relaxed by suxamethonium (75 mg/kg body weight). Xylocain (10 mg/m!) was applied topically to the skin incision. Fluothane was stopped immediately after the artery occlusion. The cerebral glucose content was determined by a single tracer technique (Gjedde and Diemer, 1983) . Fifty microcuries 3-0-[14Clmethylglucose (MG) was given 10 min after MCA occlusion and was cir culated for another 15 min. In these experiments, only the final plasma concentration of methylglucose was measured (Gjedde and Diemer, 1983) .
Local cerebral glucose utilization (ICMRglu) and local cerebral blood flow (ICBF) were measured by a dual tracer technique. Five hundred microcuries 2-[3Hldeoxy glucose (2-DG) was injected 10 min after MCA occlusion and was circulated for 45 min. During circulation, fre quent samples of plasma were taken for the determina tion of the 2-DG plasma time concentration integral (So k . oloff et aI., 1977) . After the last 2-DG sample, the arte n�1 catheters were connected to a constant velocity
Withdrawal pump for mechanical integration of arterial tracer concentration. Simultaneously, 50 j.LCi [14Clio doantipyrine (lAP ) was injected i.v. for determination of cerebral blood flow (Gjedde et aI., 1980 ). After 20 s, the circulation was arrested with a mixture of KCl and so dium pentobarbital. Subsequently, the brains were quickly removed and frozen in isopentane cooled to -60°C in acetone by dry ice.
Autoradiographic procedure
Twenty-micrometer thick frozen serial sections were cut, and every tenth section was studied. Sections from animals given MG exposed x-ray films. In animals given both 2-DG and lAP, two neighboring sections were se lected. One of th � se sections was dipped into 2,2-dimeth oxypropane, which extracts all lAP without removing 2-DG (Diemer and Rosenorn, 1981) . The DMP -treated sections exposed a 3H-sensitive film (Kodak, LKB films). The untreated section exposed an x-ray 3H-insensitive film and thus indicated radioactivity only from lAP. The sections and 3H_ and 14C-calibrated methylmetacrylate standards e . xposed the films for 2-3 weeks. Density of the autoradlOgrams was measured with a Leitz TAS-plus computerized image analyzer and was converted to ra dioactivity by a third degree polynomial standard curve e � tabli � hed for each film. The density was determined in SIX regIOns (the same region was measured three times in each anima!). Cerebral glucose content and the lumped constant were calculated from the content of MG as de s � ribed by and Gjedde and Diemer (1983) . Cerebral glucose utilization was calcu lated according to Sokoloff et al. (1977) using the rate cons ! ants published then, and the lumped constants, de termmed from corresponding MG autoradiograms were used as described by .
'
The ICBF values of selected regions were calculated from the lAP content of the regions and the time-con centration . inte ¥ ral of lAP in arterial blood (Gjedde et aI., 1980) . ThiS Widely used modification of the indicator fractioning method requires that the flow tracer has infi nitely high permeability in the blood-brain barrier and that ��e partition coefficient is known. Yet, it is not very s � nsltlve to minor uncertainties about the partition coeffi cient (because of the short time available for efflux from t�e brain), and the measured blood flow is not very sensi tive to diffusion limitation of the flow tracer at low blood flow rates. For a discussion of the validity of this method, see Patlak et al. (1984) .
Statistics
In each experimental group, differences in ICBF and I�MRgl U between right and left hemisphere were tested With the Student's paired t test. Differences between right and left hemisphere between the various experi- mental groups were tested with the Student's unpaired t test using a 5% limit of significance.
RESULTS
Physiological variables
Ta ble 1 lists the mean arterial blood pressure, ar terial Po2, Pco2, pH, and blood glucose concentra tions during the period of tracer circulation. Except for plasma glucose concentrations, the physiolog ical parameters did not differ between the groups studied. Mean arterial blood pressure was main tained above 90 mm Hg in all animals.
Cerebral blood flow
Ta ble 2 lists regional blood flow values of the MCA-occluded and the nonoccluded hemispheres for the various groups of experimental animals. All animals with MCA occlusion had a distinct focus in which ICBF was very low (2-8 ml 100 g-I min -I ) (Figs. 1 and 2). This focus involved the lateral por tion of the striate body and the lower frontal cortex. As predicted from previous studies, a re duction of ICBF to about one-third of control values was found in cortex adjacent to the ischemic focus. The border involved extensive parts of frontal, parietal, and occipital cortex, but cingulate cortex was spared. Perfusion of the medial part of the striate body was only moderately reduced, and some animals had hyperemia in this area. The tran sition between the core of ischemia and the sur rounding areas was extremely sharp. lCBF changed by an order of magnitude within a few hundred mi crometers. The pattern of perfusion after MCA oc clusion was remarkably similar in all the groups; blood flow expressed relative to the flow in the con tralateral hemisphere showed no difference be tween the groups.
Cerebral glucose utilization
Ta ble 2 gives mean ICMR g \u values of the medial striatum and the frontal cortex of the occluded and the nonoccluded hemisphere for the various experi mental groups. In contrast to the preservation of the blood flow pattern in MCA occlusion during various levels of glycemia, major differences of ICMR g \u were found. All normoglycemic animals (n = 14) had a hypometabolic core localized centrally in the MCA territory that corresponded exactly to the core of dense ischemia in the ICBF autoradio grams. In a wide border surrounding the ischemic core, lCMR g \u was increased to 170-190 fLmol 100 g-I min -I (Fig. 1, upper section) . The border in volved the cortical low-perfusion zone adjacent to the infarct and the medial proportion of the striate body. The transition between areas of hypo-and hypermetabolism was extremely abrupt.
Rats in the hypoglycemic groups with blood glu cose levels in the range of 2.5-5.2 mmol/L (n = 3) also had enhanced glucose utilization (130-150% of the opposite hemisphere) in the border areas, in volving the cingulate cortex (Fig 1, middle section) . In the animals with severe hypoglycemia (1.8-2. 5, n = 4), no enhancement of the glucose utilization was apparent. Local CMR g lu was subnormal and showed a gradual decline toward the hypometa bolic center in the border of these animals ( Fig. 1 , lower section). In the acute diabetic groups, no increase of 2-DG accumulation occurred in the border areas sur rounding the ischemic core. In cortex adjacent to the core and in the medial portion of the striate body, the 2-DG accumulation was normal com pared to the opposite hemisphere (Fig. 2) . Two pat terns of ICMR g lu alterations were evident; animals with glucose concentrations below 22 mmoliL (n = 4) had a very narrow border of increased 2-DG ac cumulation surrounding a hypometabolic focus (Fig. 2, upper section) . Animals with plasma glu cose above 22 mmol/L (n = 8) showed extremely high (twice normal) accumulation of 2-DG in the center of the MCA territory and normal accumula tion in rest of the brain. The high accumulation of 2-DG was inversely related to blood flow, i.e., 2-DG accumulation was only elevated when blood flow was severely reduced in these animals. Figure 3 shows paired individual values of ICMR g lu and ICBF in corresponding frontal region of the occluded and nonoccluded hemisphere in normal and acute diabetic rats. Despite a similar blood flow reduction in the frontal cortex in the two groups, no increase of ICMR g lu occurred in the dia betic rats.
This pattern of ICMR g lu was found in all chronic diabetic animals as well (Fig. 2, middle section) . The 2-DG accumulation was twice the control values in the ischemic core, and none had a hyper metabolic border. All chronic diabetic animals had plasma glucose levels above 22 mmol/L.
In postocclusion hyperglycemia, two of five an imals had a normoglycemic pattern of glucose utili zation-a hypometabolic core surrounded by a border of increased metabolism (Fig. 2, lower sec  tion left) . In three animals, however, a center of greatly increased 2-DG accumulation was bordered by areas with normal 2-DG accumulation, i.e., changes similar to those of hyperglycemic rats (Fig.  2 , lower section right).
Glucose content
Ta ble 3 lists glucose content and lumped constant in the various groups of the experiment. The overall brain glucose content was one-half to one third of that of the plasma glucose concentration, and the glucose content showed little regional vari ation. Only in the central part of the MCA territory did the autoradiograms have decreased MG content (Fig. 4) . The low density of isotope in this area did not allow calculation of glucose content. In nor moglycemia, the lumped constant was in the range of 0. 42-0.48, whereas the lumped constant in creased to 0.70-0.89 in the hypoglycemic animals. In diabetic rats, lumped constant values ranged be tween 0.37 and 0.39. No significant differences were found between the discrete regions in any of the groups in Ta ble 3.
DISCUSSION
In the present study, occlusion of the middle ce rebral artery invariably induced severe reduction of the blood flow in the lateral portion of the neostri atum. The steep flow gradient at the interface be tween the medial and lateral part of the striate body probably is a result of the poor vascular anasto moses between these areas, whereas the moderate reduction in lCBF (25-30% of control) in the adja cent frontoparietal cortex reflected the pial supply of this region (Tyson et al., 1984) .
Chronic diabetes prior to stroke reduced blood flow and glucose utilization in the nonischemic hemisphere to about two-thirds of control values. This finding agrees with the findings of and Duckrow and Bryan (1987) , who re- ported a 13-14% decrease of lCBF and lCMR g iu in the rat brain following 3 weeks of streptozotozin diabetes. During acute hyperglycemia (induced by intraperitoneal injection of glucose), lCBF declined by 30% (Duckrow et at., 1985) , whereas Orzi et al. (1986) found levels not different from those in con trol animals. Possibly, this discrepancy can be ex plained by the absence of steady state in acutely induced hyperglycemia. The present experiment was designed to ensure steady state. Diabetes was induced 40 h before the tracer experiment, i.e., hy perglycemia had been present for at least 15-17 h. Under these conditions, neither lCBF nor lCMR g iu in nonischemic tissue were statistically different from control values. An important finding of this study is the similar patterns of blood flow reductions after MCA occlu sion in all experimental groups independently of the plasma glucose concentration.
The lumped constant
Methylglucose is not phosphorylated and dis tributes between brain and blood according to the apparent permeabilities of hexose transport across the blood-brain barrier (Gjedde, 1982) . The meth ylglucose autoradiograms showed little regional variation-only in the ischemic core was the iso tope density decreased. The little regional varia tions of methylglucose distribution resulted in values nearly those of the lumped constants. The values of about 0.48, 0.38, and 0.71 during normo-, hyper-, and hypoglycemia, respectively, are in ac cord with earlier reports. By estimating the lumped constant as the ratio between the steady-state rates of 2-DG and glucose phosphorylation, Sokoloff et at. (1977) plasma glucose levels of 2 and 3 mmol/L, respec tively (Abdul-Rahman and Siesj6, 1980) . Autora diographic determination of lumped constant by methylglucose in the normal rat also gave values near those reported in this paper (Gjedde and Diemer, 1983) . In an earlier study in rats with MCA occlusion and lO-min circulation of methylglucose, a homogeneous distribution of the tracer was found. However, in cortex adjacent to the infarct, the isotope density was reduced by 30% (Neder gaard et at., 1986) . The present study (with 15 min tracer circulation) evidenced a methylglucose con tent in the cortical low-perfusion zone not statisti cally different from the level in the nonischemic hemisphere. Thus, 10 min of tracer circulation was too short to ensure a steady state between plasma and brain.
Cerebral glucose utilization
The cortical border. The 2-DG autoradiograms differed widely between the groups. The cerebral glucose utilization was increased in the areas adja cent to the ischemic core in all normoglycemic an imals and in the hypoglycemic animals with a plasma glucose concentration above 2.5 mmol/L. In hyperglycemic animals, the 2-DG accumulation and, thereby, the glucose utilization remained normal in the border areas, as predicted from ear lier studies (Nedergaard and Diemer, 1985) . The cause of this increased glucose consumption found in normoglycemia, but not in hyperglycemia, has been a subject of controversy. It has been sug gested that anaerobic glycolysis can explain the phenomenon (Welsh et al., 1980) . However, a cor relation has recently been reported between the in creased glucose utilization and sporadic transient increases in extracellular potassium in the cortical low-perfusion area (Nedergaard and Astrup, 1986) .
The transient increases of extracellular potassium may represent waves of spreading depression elic ited near the ischemic core (with high levels of po tassium), which subsequently propagate into the surroundings. The marked ionic changes associated with spreading depression impose a load on the Na + /K + pump and elevate the metabolic rate (Shinohara et aI., 1979) . Thus, the increased glu cose utilization in the border regions of normogly cemic MCA-occluded animals most likely reflects increased ion transport.
In contrast, the number of potassium transients is markedly reduced in the cortical flow-perfusion zone of hyperglycemic animals. This finding can be ascribed to a higher threshold for eliciting spreading depression in hyperglycemia (Neder gaard and Astrup, 1986) . The reduced number of potassium transients in the cortical low-perfusion zone indicates that metabolism remains within normal levels in the diabetic animals.
Enhancement of glucose utilization in the border areas was absent in three of five postocclusion hy perglycemic animals. Thus, the enhancement of the metabolic demands in the border areas can be re verted during the postischemic period by elevation of the plasma glucose concentration. Absence of steady state may influence the precise measure ments of ICMR g 1u, but there is no question that hy perglycemia induced after the artery occlusion can reverse the pattern of lCMR g 1u changes. The impli cations of this observation are that neither lack of insulin nor other hormonal alterations known to be associated with the diabetic state are responsible for the missing enhancement of glucose utilization in the border areas of the ischemic focus in diabetic animals. Instead, glucose per se or a glucose me tabolite is likely to be the cause of increased glu cose utilization in the border areas of the ischemic focus.
The ischemic focus. 2-DG accumulation was re duced to an infinitessimally low level amount in the ischemic focus in animals with plasma glucose con centration below 22 mmoliL. In contrast, acutely diabetic rats and chronically diabetic animals with plasma glucose above 22 mmoliL revealed greatly increased 2-DG accumulation in the ischemic core. One can consider changes in the lumped constant to explain the finding. The lumped constant in creases in situations where glucose supply is re- stricted, and this effect contributes to the high ac cumulation of 2-DG (Wise et al., 1983) . The value of the lumped constant was not calculated, as the density of methylglucose was too low in the isch emic focus. The 2-DG accumulation in the ischemic core of animals with plasma glucose levels above 22 mmollL, however, was increased more than changes of the lumped constant can explain, and we currently have no explanation of this phenom enon. The findings indicate that the cells maintain their ability for 2-DG uptake during ischemia when plasma (brain) glucose is high. Diffusion of glucose (2-DG) into the ischemic focus may contribute to the isotope accumulation.
Significance for structural damage
The neuropathological consequences of MCA occlusion in rats and the influence of plasma glu cose are described elsewhere (Nedergaard, 1987) . Infarction with degradation of tissue structure and death of all cells develops inevitably in the core of dense ischemia. In the cortical low-perfusion zone, scattered neurons are irreversibly damaged. This sporadic neuronal injury is aggravated by hypogly cemia and is markedly reduced in diabetes (Neder gaard and Diemer, 1987) . Consequently, selective neuronal injury develops in the 10w<J>erfusion areas where 2-DG accumulation is enhanced. This sug gestion finds support in the fact that glucose utiliza tion remains normal, and selective neuronal injury is ameliorated in the cortical low-perfusion zone of hyperglycemic animals.
In conclusion, our results indicate that continued enhancement of 2-DG accumulation in low-perfu sion areas is a sign of ongoing damage, leading to scattered neuronal injury in the normoglycemic condition.
